Introduction
============

Prostate cancer (PCa) is among the most common adult malignancies and is the second leading cause of cancer death in men. In 2016, there were an estimated 180,890 diagnoses and almost 26,120 deaths in American men.[@B1] In past decades, surgical or medical androgen deprivation therapy (ADT) has been the primary treatment paradigm for PCa patients.[@B2] However, almost all ADT treatments eventually fail due to the development of metastatic castration-resistant prostate cancer (mCRPC). Recently, \'second-generation\' drugs, such as enzalutamide (also named MDV3100), abiraterone acetate, and cabazitaxel, have been administered to patients who develop mCRPC.[@B3]-[@B7] Enzalutamide is an AR antagonist which has an 8-fold higher affinity for AR than bicalutamide, and inhibits the ability of AR to translocate into the nucleus and bind DNA.[@B8] Although these new drugs have shown improved efficacies in the clinic, nearly all treated mCRPC patients eventually develop resistance to these agents, possibly due to amplification or gain-of-function somatic mutation of the AR gene, aberrant posttranslational modification of the AR protein, alternative splicing events that result in hyperactive receptors, and cofactor dysregulation and/or intracrine androgen synthesis.[@B8]

Compared to hormone-naïve cancers, most CRPCs contain AR splice variants (AR-Vs), which are often up-regulated. Such selection for AR-Vs in CRPC has also been demonstrated in several preclinical models.[@B9],[@B10] These AR-Vs lack the ligand binding domain (LBD), and thus are insensitive to drugs such as enzalutamide that target the LBD. AR-Vs remain constitutively active as transcription factors in a ligand-independent manner.[@B11],[@B12] Two major AR-Vs, AR-V7 (also called AR3, which contains exons 1-3 and CE3, a small expressed tag after exon 3) and AR-V567es (also known as AR-V12, which contains exons 1-4 and exon 8), are capable of regulating gene expression in the absence of the full-length AR protein (AR-FL).[@B13] Patients with high AR-V7 or detectable AR-V567es expression levels have significantly shorter cancer-specific survival than other CRPC patients.[@B14] In CRPC xenografts, resistance to both abiraterone and enzalutamide is associated with increased expression of AR truncated variants.[@B15],[@B16] Furthermore, it has been reported recently that in CRPC cells expressing both endogenous AR-FL and AR-Vs, AR-Vs drive resistance to enzalutamide by functioning as independent drivers of the AR transcriptional program.[@B14],[@B17],[@B18] Thus, combining enzalutamide with an AR-V-targeting agent may be a viable approach to overcome resistance to enzalutamide.

Based on the important roles of AR dysfunction, including overexpression, mutation and the presence of AR truncated variants, in the development of mCRPC and resistance to clinical drugs, the search for novel compounds that target AR signaling has become a hotspot in PCa research. Natural compounds provide an excellent resource for finding novel antiandrogens. Several natural products were recently reported to show an anti-PCa effect by targeting AR or AR-Vs.[@B19]-[@B21] Maytenus royleanus extract had potent growth inhibition and apoptosis induction effects on PCa *in vitro* and *in vivo*.[@B19] Urolithins from walnut polyphenol metabolites suppressed the proliferation of PCa cells by repressing AR expression.[@B20] The marine compound Rhizochalinin (Rhiz) re-sensitized AR-V7-positive PCa cells to enzalutamide and had a pronounced anti-cancer effect on enzalutamide- and abiraterone-resistant AR-V7-positive cells, indicating that Rhiz is a potential drug for treating PCa patients with AR-V7 expression and enzalutamide or abiraterone resistance.[@B21] Sintokamide A (SINT 1) inhibited the growth of enzalutamide-resistant PCa cells with AR-Vs and induced regression of CRPC xenografts by binding to the activation function-1 (AF-1) region in the N-terminal domain of AR and suppressing the transactivation of both AR and AR-Vs.[@B22] We have focused our attention on Triptolide (TPL), a major active compound extracted from the Chinese medicine \"Thunder God Vine\" (*Tripterygium wilfordii*Hook F.), which possesses potent anti-cancer, anti-fertility, anti-inflammatory and immunosuppressive properties.[@B23] Our previous study has proved that TPL has potent anti-PCa effects.[@B24] However, the severe toxicity of TPL and our poor understanding of the mechanism of its anti-cancer effect on CRPC has limited its clinical use. In this study, we found that TPL inhibits the transactivation activity of both AR and AR-Vs, and reduces phosphorylation of AR at Ser515 through XPB/CDK7. A low dose of TPL inhibits the growth of CRPC cells and has a synergistic effect with enzalutamide *in vitro*. TPL also enhances the anti-cancer effect of enzalutamide on CRPC xenografts. In all, our data indicate that the combination of TPL with enzalutamide is a potential therapeutic treatment for CRPC.

Materials and Methods
=====================

Cell culture and reagents
-------------------------

LNCaP, 22Rv1, PC3, DU145, and 293T cells were purchased from the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China) and maintained in RPMI-1640 supplemented with 10% FBS and 100 units/ml of penicillin and streptomycin. All the cell lines were recently authenticated by short tandem repeat analysis at the Cell Bank of Type Culture Collection of Chinese Academy of Sciences and the Genetic Testing Biotechnology Company (Suzhou, China, April 2016). C4-2 cells were provided and authenticated by Dr S. Li. C4-2/Luci and C4-2/AR-V7 cells were generated by infecting C4-2 cells with either control virus pLVX-Luci or virus expressing AR-V7 (pLVX-AR-V7). C4-2 shCTL and C4-2 shXPB were generated by infecting C4-2 cells with either a scrambled shRNA or pLKO.1 encoding shXPB. Infected cells were maintained in RPMI 1640 medium containing 1 mg/ml puromycin. To generate enzalutamide-resistant C4-2 (C4-2R) cells, C4-2 cells were chronically exposed to increasing concentrations of enzalutamide (5-20 μM) by passage for more than 6 months and maintained with 20 μM enzalutamide. C4-2 parental cells were passaged as a control. TPL (\> 98% purity) was purchased from π-π Technologies, Inc (Guangzhou, China), and dissolved in DMSO at a stock concentration of 100 mM. Enzalutamide (MDV3100, Cat \#: S1250) was from Selleck Chemicals (Houston, TX, USA). BS-181 (Cat \#: HY-13266) was from MedChem Express (USA). Plasmids are detailed in the [Supplementary Materials](#SM1){ref-type="supplementary-material"} and Methods.

Transcriptional reporter assay
------------------------------

LNCaP cells (1×10^5^ cells/well) were transfected with 300 ng of pGL3-PSA-Luc reporter plasmid or the control plasmid along with 300 ng AR-FL or AR-V7. Transactivation of the AR NTD (AR 1-558) was measured by co-transfecting LNCaP cells with 5×UAS-TATA-luciferase and AR-(1-558)-Gal4DBD or Gal4DBD for 24 h prior to treatment with TPL (6.25 nM) for 1 h. Cells were then incubated with forskolin (Sigma; 50 µM) or IL-6 (Peprotech, Rocky Hill, NJ; 50 ng/ml) or vehicle for an additional 24 h. Transfected cells were incubated for 24 h in the absence and presence of 1 nM R1881 with or without inhibitors. Luciferase activity was determined using a dual luciferase reporter assay system (Promega). Luciferase activities were normalized to the protein concentrations of the samples.

RNA isolation, reverse transcription, and quantitative real-time PCR
--------------------------------------------------------------------

The procedures are described in the [Supplementary Materials](#SM1){ref-type="supplementary-material"} and Methods, and the qPCR primers are listed in Table [S1](#SM1){ref-type="supplementary-material"}.

Western blotting
----------------

Western blotting was carried out following the standard method. The following antibodies were used: phosphor-AR (S515) (ab128250, Abcam), AR (N-20, Santa Cruz), PSA (L106, Bioworld), XPB (10580-1-AP, Proteintech), RPB1 (RLT4173, Ruiyingbio), CDK7 (RLT0838, Ruiyingbio), VEGFA (19003-1-AP, Proteintech) and Tubulin (4D9, Bioworld). Tubulin was used as the loading control.

Chromatin immunoprecipitation (ChIP) assay
------------------------------------------

Cells were plated in 150 mm dishes (7×10^6^ cells) in RPMI 1640 supplemented with 8% CSS (charcoal-stripped FBS) for 72 h. Cells were pretreated with TPL or DMSO as vehicle for 1 h before treatment with 1 nM R1881 or vehicle (ethanol) for 6 h. ChIP assays were performed using a ChIP kit (Millipore, 17-295) according to the manufacturer\'s instructions. Antibodies against AR (C-19, sc-815, Santa Cruz), CDK7 (sc-856, Santa Cruz), XPB (sc-293, Santa Cruz), FLAG (Sigma) or RNA pol II S5 (ab5408, Abcam) were used. IgG antibody was used as negative control. The bound DNA was amplified by qPCR using the primers listed in Table [S1](#SM1){ref-type="supplementary-material"}.

Viability assay
---------------

The MTT assay or SRB assay was used to quantify the cell viability. The procedures are described in the [Supplementary Materials](#SM1){ref-type="supplementary-material"} and Methods.

Clonogenic assay
----------------

PCa cells were seeded in triplicate at a density of 1000 cells/well into 12-well plates. After two days, cells were treated with different concentrations of TPL for 14 days. Colonies were fixed with methanol and stained with 0.5% crystal violet (Sigma). Colonies with 50 cells or greater were counted in each well.

Calculation of Combination Index by the Chou-Talalay Method
-----------------------------------------------------------

The type of interaction between Triptolide and enzalutamide was evaluated by comparing the cytotoxic effects obtained after simultaneous exposure to the drugs. The combination index (CI) was calculated using Calcusyn 2.0 software based on the Chou-Talalay method [@B25],[@B26]: CI \< 1 indicates a synergistic effect, CI = 1 indicates an additive effect, and CI \> 1 indicates an antagonistic effect.

Animal study
------------

The animal study (Project number: YJ32) was approved by the Institutional Animal Care and Use Committee of the Model Animal Research Center at Nanjing University and strictly followed ethical regulatory standards. Six-week-old male nude mice (STOCK-*Foxn1^nu^*^/Nju^) were inoculated subcutaneously with 5×10^6^ 22Rv1 cells suspended in 50% Matrigel in both dorsal flanks. The day following inoculation, mice were randomly divided into four groups (n = 10) and treated every other day for total 3 weeks as follows: (1) vehicle control \[1% CMC (sodium salt of carboxymethyl cellulose, Sangon Biotech, Shanghai, China), 0.1% Tween-80, and 5% DMSO, oral gavage\], (2) enzalutamide (25 mg/kg, oral gavage), (3) TPL (75 μg/kg,*i.p*.), and (4) enzalutamide (25 mg/kg, oral gavage) + TPL (75 μg/kg,*i.p*.). Body weights and tumor dimensions were monitored three times a week. Tumor volumes were calculated using the equation V= 0.524 × width^2^ × length/10.[@B15] The level of serum prostate specific antigen (PSA) in mouse blood was determined using quantitative ELISA (Cusabio Biotech. Wuhan, China)

Immunohistochemistry (IHC)
--------------------------

For IHC staining, sections were cut from paraffin blocks. Staining was carried out using anti-Ki-67 (Cat \#: M7240; 1:1000; DAKO, Inc., City, CA, USA), anti-Cleaved-Caspase-3 (Cat \#: 9661; 1:3000; Cell Signal Technologies, Inc), and anti-AR (N-20, Cat \#: sc-27136; 1:1000; Santa Cruz) as primary antibodies following the standard protocol.

Statistical analysis
--------------------

Statistical analysis was performed using GraphPad Prism (version 6.01; GraphPad Software). Except where specified, comparisons between groups were performed with 2-tailed Student\'s *t*test, and differences were considered statistically significant at p \< 0.05.

Results
=======

TPL inhibits AR transcription activity
--------------------------------------

Persistent AR activity through mutation of the AR gene in CRPC cells accounts for the failure of enzalutamide therapy. Hence, we assessed whether TPL attenuates the ligand-dependent and ligand-independent transactivation activities of AR. We found that the expression of luciferase, drive by the PSA promoter, was inhibited in the presence of enzalutamide (10 μM) or TPL (6.25 nM), suggesting that a low dose of TPL can inhibit R1881-induced AR transactivation activity without affecting the levels of endogenous AR (Figure [1](#F1){ref-type="fig"}A and [1](#F1){ref-type="fig"}B). Next, we co-transfected LNCaP cells with a reporter vector containing the Gal4 binding site and an expression vector encoding a chimeric protein consisting of the N-terminal domain (NTD) of human AR (AR-NTD; amino acids 1-558) fused to the Gal4-DNA binding domain (Gal4DBD), which can be activated by forskolin (FSK) or IL-6 in the absence of androgen and serum to stimulate PKA and STAT3 signaling, respectively. The results showed that TPL reduces both FSK- and IL6-induced transactivation activity of AR-NTD (Figure [1](#F1){ref-type="fig"}B and [1](#F1){ref-type="fig"}C) without affecting the levels of the fusion protein AR-NTD-Gal4DBD (Figure [1](#F1){ref-type="fig"}E and [1](#F1){ref-type="fig"}F). TPL treatment also significantly inhibited endogenous AR activation, induced by FSK or IL6, without changing the AR protein level (Figure [S1](#SM1){ref-type="supplementary-material"}A and B). These data indicate that TPL possesses the ability to inhibit both ligand-dependent and ligand-independent transactivation of AR, and the effect is not due to a reduction in the AR protein level. Next, to directly examine whether TPL can inhibit the transactivation activity of the AR variants AR-V567es and AR-V7, we co-transfected plasmids expressing AR-FL and AR variants (pcDNA3-AR-FL/-AR-V567es/-AR-V7) and a reporter plasmid (pGL3-PSA-Luc) into 293T cells, which do not express endogenous AR. The results showed that TPL inhibits the transactivation activity of AR-FL and the two AR variants without affecting their protein levels (Figure [S1](#SM1){ref-type="supplementary-material"}C and D). Similar results were also observed in AR-negative PC3 cells (Figure [S1](#SM1){ref-type="supplementary-material"}E and F). Therefore, we demonstrated that TPL can inhibit the ligand-dependent and ligand-independent transactivation activity of AR-FL and AR variants.

To further examine the effects of TPL on AR transactivation activity, we examined the mRNA levels of endogenous target genes of AR-FL (PSA, FKBP5, TMPRSS2) and AR-V (UBE2C and AKT1). In LNCaP cells, which express only AR-FL, TPL (6.25 nM) effectively repressed R1881-induced transcription of AR target genes (Figure [1](#F1){ref-type="fig"}G). TPL also suppressed the expression of AR-FL and AR-Vs target genes in 22Rv1 cells in a dose-dependent manner, without changing the AR mRNA level (Figure [1](#F1){ref-type="fig"}H). The results were validated by western blotting for AR and PSA protein levels (Figure [1](#F1){ref-type="fig"}I and 1J). Taken together, these results show that TPL inhibits the transactivation activity of AR-FL and AR variants at a low concentration (6.25 nM) without affecting their protein level.

TPL inhibits the transactivation activity of AR through CDK7 and XPB
--------------------------------------------------------------------

Since we observed that the activity of AR is suppressed by TPL in PCa cells with no effects on its expression, we hypothesized that TPL may affect AR at the post-translational level. Interestingly, we found that 6.25 nM TPL decreased the level of AR phosphorylated at Ser515 (pAR S515) in LNCaP cells and the CRPC cell line C4-2/AR-V7 (Figure [2](#F2){ref-type="fig"}A), which stably expresses the AR-V7 variant (Figure [S2](#SM1){ref-type="supplementary-material"}A) and is more resistant to enzalutamide than control C4-2/Luci cells (Figure [S2](#SM1){ref-type="supplementary-material"}B). Given that CDK7 in the TFIIH complex is responsible for phosphorylating AR at Ser515,[@B27] we examined CDK7 as well as XPB and RPB1, two other proteins in the TFIIH complex. We found that 6.25 nM TPL did not change their expression levels (Figure [2](#F2){ref-type="fig"}A). To further examine whether CDK7 is involved in the effect of TPL on pAR S515, we treated PCa cells expressing AR-FL or the AR-V7 variant with the selective CDK7 inhibitor BS-181. We found that BS-181 has a similar effect to TPL on the level of pAR S515 (Figure [2](#F2){ref-type="fig"}B), which indicates that TPL may decrease the level of pAR S515 by indirectly affecting the activity of CDK7. Furthermore, to determine whether TPL inhibits AR transcriptional activity by reducing the level of pAR S515, we co-transfected 293T cells with the reporter plasmid PSA-Luc and plasmids expressing AR with different phosphorylation statuses, either AR/WT (wild-type AR) or AR/S515E (constitutively activated phosphorylation mutant). Transfected cells were pretreated with TPL prior to incubation with R1881 for 24 h.

As shown in Figure [2](#F2){ref-type="fig"}C, TPL treatment significantly inhibits AR/WT transactivation activity, whereas AR/S515E abrogates the effect of TPL. This indicated that the phosphorylation of AR at Ser515 is essential for the suppression of AR activity by TPL. Next, to examine the effects of TPL on the DNA binding activity of AR, we performed ChIP assays and found that TPL significantly suppressed R1881-mediated AR binding to the androgen response element (ARE) and enhancer of the PSA gene. The binding of XPB and CDK7 to the promoter of the PSA gene was also decreased (Figure [2](#F2){ref-type="fig"}D). Consequently, less recruitment of RNA pol II (pS5) was found, which is consistent with the observation that TPL induces disrupted binding of AR and TFIIH. Similar experiments were also performed in C4-2/AR-V7 cells, which stably express AR-V7. TPL significantly inhibited the recruitment of these proteins to the PSA promoter, independent of the presence of R1881 (Figure [2](#F2){ref-type="fig"}E). Together, these data indicate that TPL also suppresses AR-mediated transcriptional activation by inhibiting AR binding and RNA pol II recruitment to target gene promoters.

TPL was found to directly bind to XPB protein within the TFIIH complex,[@B28] which also contains CDK7 and XPD. Since XPD mutation was reported to suppress CDK7-mediated phosphorylation of AR at Ser515,[@B27] we hypothesized that TPL may function through XPB to suppress CDK7-mediated phosphorylation of AR at Ser515. Depletion of XPB by RNA interference reduced the level of pAR S515 while the CDK7 protein level was unaffected (Figure [3](#F3){ref-type="fig"}A). Accordingly, knockdown of XPB suppressed the transactivation activity of AR/WT, and had no effect on AR/S515E (Figure [3](#F3){ref-type="fig"}B). These results indicate that TPL suppresses CDK7-mediated phosphorylation of AR at Ser515 through XPB. Moreover, knockdown of XPB suppressed the occupancy of AR on the PSA promoter, and the recruitment of RNA pol II (pS5) to the PSA transcription start site (Figure [3](#F3){ref-type="fig"}C). These results demonstrate that XPB is the TPL-sensitive mediator in the AR signaling pathway.

Low concentrations of TPL inhibit PCa cell growth
-------------------------------------------------

We and others have proved that TPL has effective anti-cancer activity against PCa at high concentrations (micromolar).[@B24],[@B29],[@B30] Based on the aforementioned results on AR transactivation with TPL in the nanomolar range, we were interested to examine whether low TPL concentrations (which are likely to be less toxic *in vivo*) still possess anti-PCa effects, particularly on CRPC cells. As shown in Figure [4](#F4){ref-type="fig"}A, low concentrations of TPL significantly reduced the R1881-stimulated growth of LNCaP cells over a period of 4 days with an IC~50~ of 6.25 nM. Meanwhile, low concentrations of TPL significantly suppressed the colony-forming ability of C4-2 and 22Rv1 cells in a dose-dependent manner (Figure [4](#F4){ref-type="fig"}B). These results confirm that low concentrations of TPL also inhibit the growth of PCa cells. We examined whether low TPL concentrations also show anti-PCa effects on the C4-2/AR-V7 cell line, which stably expresses AR-V7. The results showed that TPL suppresses the viability and colony-forming ability of both C4-2/Luci and C4-2/AR-V7 cells in a dose-dependent manner (Figure [4](#F4){ref-type="fig"}C and [4](#F4){ref-type="fig"}D). Moreover, TPL significantly reduced the R1881-induced expression of PSA in C4-2/AR-V7 cells (Figure [4](#F4){ref-type="fig"}E). These results indicate that low concentrations of TPL have similar cytotoxic effects on PCa cells expressing AR variants. In addition, we also examined the ability of low concentrations of TPL to induce apoptosis, as this is considered to be the major mechanism underlying the anti-cancer activity of TPL. The FACS data showed that TPL at a dose of 6.25 nM has a moderate apoptosis induction effect on LNCaP cells and a weak effect on C4-2/Luci and C4-2/AR-V7 cells, while higher concentrations of TPL have a marked apoptosis induction effect on all three cell lines (Figure [S3](#SM1){ref-type="supplementary-material"}). These results indicated that at low concentrations, such as 6.25 nM, TPL may exert its anti-PCa activity mainly through cell growth inhibition, while higher concentrations of TPL act through both cell growth inhibition and apoptosis induction. Collectively, our data reveal that low concentrations of TPL also have effective anti-cancer activity on PCa cells expressing AR-FL or AR variants.

Co-treatment with TPL and enzalutamide suppresses cell growth and induces apoptosis in CRPC cells
-------------------------------------------------------------------------------------------------

To further examine the effects of TPL on CRPC cells, we generated an enzalutamide-resistant PCa cell line C4-2R (C4-2 enzalutamide resistant) by continuous culture of C4-2 cells in medium containing enzalutamide for 7 months. The C4-2R cells showed more resistance to enzalutamide than the parental C4-2 cells (Figure [S4](#SM1){ref-type="supplementary-material"}A), and expressed higher protein levels of nuclear AR-V7 (Figure [S4](#SM1){ref-type="supplementary-material"}B-E). Interestingly, we found that the viability of C4-2R cells was significantly reduced by TPL in a dose-dependent manner (Figure [5](#F5){ref-type="fig"}A). This indicates that TPL can overcome the enzalutamide resistance of PCa cells expressing AR-V, and further suggests that TPL may be combined with enzalutamide against CRPC. To examine the combined effects of the two agents, we treated 22Rv1 cells with TPL (6.25 nM) in the presence or absence of enzalutamide for 4 days. The results showed that the co-treatment with TPL and enzalutamide has a stronger inhibitory effect on the viability of 22Rv1 cells than TPL or enzalutamide alone (Figure [5](#F5){ref-type="fig"}B). Similar results were also observed in the enzalutamide-resistant cell line C4-2R (Figure [5](#F5){ref-type="fig"}C). Co-treatment with TPL and enzalutamide had a stronger inhibitory effect on the colony-forming ability of 22Rv1 and C4-2R cells (Figure [5](#F5){ref-type="fig"}D). Co-treatment also induced higher levels of the cleaved products of two markers of apoptosis, Caspase-3 and PARP, in 22Rv1 and C4-2R cells (Figure [5](#F5){ref-type="fig"}E), indicating that the combined-treatment is also more cytotoxic to CRPC cells. These data suggest that low concentrations of TPL may have a synergistic effect with enzalutamide against PCa cells *in vitro*. We then examined the viability of 22Rv1 and C4-2R cells that were exposed to individual or combined TPL and enzalutamide at various concentrations, and calculated the combination index (CI) between TPL and enzalutamide using the Chou-Talalay method. As shown in Figure [5](#F5){ref-type="fig"}F, the results demonstrated that the combined TPL and enzalutamide treatment at low concentrations (\<60 nM for TPL and \<200 μM for enzalutamide) had a synergistic effect on the growth inhibition of both 22Rv1 and C4-2R cells. Taken together, our data demonstrate that low concentrations of TPL have a synergistic anti-PCa effect with enzalutamide *in vitro*. Co-treatment with TPL and enzalutamide may therefore be a potential therapeutic program for CRPC.

Co-treatment with TPL and enzalutamide inhibits CRPC tumor progression *in vivo*
--------------------------------------------------------------------------------

To evaluate the anti-PCa effect of co-treatment with TPL and enzalutamide *in vivo*, we made a CRPC xenograft model in mice using 22Rv1 cells. Male nude mice bearing 22Rv1 xenografts were randomized and treated with either TPL (75 μg/kg), enzalutamide (25 mg/kg), or both for 3 weeks. At the end of 3 weeks, the mice were euthanized and xenografts were collected for further analysis. As shown in Figure [6](#F6){ref-type="fig"}, co-treatment with TPL and enzalutamide is highly effective at reducing the volumes of xenograft tumors, compared with the moderate effect of TPL and the slight effect of enzalutamide (Figure [6](#F6){ref-type="fig"}A). Accordingly, the xenograft tumors in the co-treatment group appeared smaller than those from the other groups (Figure [6](#F6){ref-type="fig"}B). The weight of xenograft tumors from the co-treatment group was also lower than those from the other groups (Figure [6](#F6){ref-type="fig"}C). Moreover, the PSA level in mice in the co-treatment group was the lowest among the four treatment groups (Figure [6](#F6){ref-type="fig"}D). Histologic analysis showed that the cells in the xenograft tumors from the co-treatment group were packed together less tightly than those in the other groups (Figure [6](#F6){ref-type="fig"}E). IHC analysis revealed that the xenograft tumors from the co-treatment group showed less Ki-67 and AR staining, and more cleaved-Caspase-3 staining, than the other groups (Figure [6](#F6){ref-type="fig"}E-G), which indicated that the xenograft tumors undergo less proliferation and more apoptosis under co-treatment with TPL and enzalutamide. These results demonstrate that TPL and enzalutamide together show more effective anti-CRPC activity than either drug alone, which indicates that TPL enhances the anti-cancer effect of enzalutamide on CRPC *in vivo*. We also examined the body weights of the mice during treatment and found that none of the three treatments had an obvious effect on growth (Figure [S5](#SM1){ref-type="supplementary-material"}A). No obvious changes were detected in the weight and tissue structure of essential organs, such as lung, heart, liver, spleen, and kidney (Figure [S5](#SM1){ref-type="supplementary-material"}B and C). These data also demonstrated that a low dose of TPL, either alone or in combination with enzalutamide, has no significant toxicity to mice. Taken together, our results indicate that co-treatment with TPL and enzalutamide may be a potential treatment for CRPC.

Discussion
==========

As a representative of \'second generation\' drugs and as an AR antagonist, enzalutamide has many favorable effects on mCRPC patients based on data from some phase I/II/III trials. However, patients who respond to enzalutamide usually relapse within 1 to 2 years, which is mainly due to the dysfunction of AR or AR variants.[@B31] Therefore, there is an urgent need for new agents that can overcome enzalutamide resistance. Our study revealed that TPL at low concentrations reduced the level of pAR S515 via XPB/CDK7, and reduced the binding of AR and recruitment of phosphorylated RNA Pol II (S5) to the promoters of AR target genes, resulting in the inhibition of AR transactivation activity. Low concentrations of TPL also inhibited the growth of PCa cells that express AR-FL or functional AR variants. Furthermore, TPL and enzalutamide together showed synergistic and efficient anti-CRPC effects *in vitro* and *in vivo*, including inhibition of CRPC cell proliferation and survival, without noticeable side-effects. Our data indicate that the combination of TPL with enzalutamide is a potential therapeutic treatment for CRPC.

The role of AR variants in the mechanism underlying enzalutamide resistance is supported by clinical data.[@B31] The most common AR-V isoforms associated with CRPC and subsequent metastases are AR-V7 and AR-V567es. In addition to regulating AR-FL downstream targets, AR-Vs also regulate a unique set of genes, most of which are associated with mitotic and anti-apoptotic functions, e.g. UBE2C.[@B32] Overexpression of UBE2C has been correlated with the presence of AR-V7 in clinical samples.[@B18],[@B33] Hence, several drugs, such as EPI-001 and its analogs, which disrupt the transactivation of AR and AR-V in particular are more effective at preventing the growth of CRPCs.[@B34] Some compounds, such as 20(S)-protopanaxadiol-aglycone, Galeterone and its analog VNPT55 exert their anti-CRPC effect by depleting the AR-FL and AR-V protein levels or inducing AR-FL and AR-V degradation.[@B35]-[@B38] In our study, we found that TPL at low concentration effectively suppresses the transactivation activity of both AR-FL and AR-Vs, without changing their expression levels. However, such inhibition is mediated by XPB/CDK7 in the TFIIH complex, not by direct binding of TPL to AR, as we did not detect direct interaction between TPL and AR-FL or AR-NTD (AR-AF1) using Biomolecular Interaction Analysis (BIA, data not shown).

Herein, we found that TPL inhibits the transactivation activity of AR-FL and AR-Vs by reducing the level of pAR S515. Phosphorylation plays an important role in modulating the functional activity of AR. More than 15 distinct phosphorylation sites have been found within AR, most of which localize in the AR-NTD.[@B39] The phosphorylation of AR has been implicated in various AR activities, including cellular localization, expression, DNA binding, transcriptional activity and stability/degradation.[@B40] Phosphorylation of AR at Ser515 was proved to be a key step for accurate transcriptional activation by AR, including the cyclic recruitment of the transcription machinery and turnover of AR itself.[@B27] Unlike phosphorylation at other sites, phosphorylation of AR at Ser515 is not required for translocation of AR into the nucleus, but specifically affects the ability of AR to bind to its responsive elements. Impaired phosphorylation of AR at Ser515 disrupts AR-mediated transcription.[@B27] Phosphorylation of AR at Ser515 was also reported to be involved in the epidermal growth factor (EGF)-induced increase in AR transcriptional activity.[@B41] These studies demonstrated that pAR S515 is important for AR transactivation. In this study, we found that TPL effectively decreases the level of pAR S515, suggesting that TPL suppresses AR transactivation activity by inhibiting the phosphorylation of AR. In addition, the level of pAR S515 was related with EGF-induced PCa cell growth.[@B41] pAR S515 was also proved to be a potential predictive marker for relapse in PCa.[@B42] These studies indicated that pAR S515 is related to PCa progression. Hence, the decreased level of pAR S515 may also contribute to the anti-CRPC activity of TPL.

The phosphorylation of AR at Ser515 was proved to be mediated by the CDK7 kinase in the TFIIH complex, which is one of the general transcription factors that participates in transcription initiation.[@B27] TFIIH is composed of two subcomplexes, the core complex which consists of 7 subunits (XPD, XPB, p62, p52, p44 p34 and TTDA) and the cyclin activating kinase-subcomplex (CDK7, MAT1, and cyclin H).[@B43] Among these subunits, the helicases XPD and XPB uncouple the promoter while CDK7 phosphorylates RNA polymerase II (RNAPII) and transcription factors to initiate transcription.[@B43] AR interacts strongly with XPB and XPD, and weakly with CDK7, which eventually enhances AR transactivation by phosphorylating AR at S515.[@B27],[@B43] However, we found that TPL attenuates the level of pAR S515 without impact on CDK7 expression. TPL was reported to activate CDK7, which led to phosphorylation of Rbp1 at S1878, the largest subunit of RNAPII, followed by degradation of Rbp1.[@B44],[@B45] We found that inhibition of CDK7 with a selective inhibitor BS-181 had a similar effect to TPL on the phosphorylation of AR at Ser515 in PCa cells. This confirms that CDK7 is involved in TPL-induced attenuation of pAR S515. The next question is how TPL decreases the phosphorylation of AR at Ser515 through CDK7. Loss-of-function mutation of XPD has been proved to reduce the level of pAR S515 through CDK7,[@B27] which suggests that XPD may play a bridging role in CDK7-mediated AR phosphorylation. XPD and XPB are both helicase subunits in TFIIH, so it is possible that XPB may play a similar role to XPD in CDK7-mediated phosphorylation of AR, since XPB also binds directly with CDK7, like XPD.[@B27] TPL was reported to directly target XPB, leading to inhibition of XPB ATPase activity.[@B28] We found that knockdown of XPB by RNA interference had a similar effect to TPL, including a decreased level of pAR S515, inhibition of AR transactivation activity and reduced RNA pol II recruitment. These results demonstrated that TPL attenuates AR activity through inhibition of the XPB/CDK7-mediated phosphorylation of AR at Ser515.

Nowadays, the second-generation drug enzalutamide is widely used to treat PCa in the clinic with potent treatment effects. However, the development of enzalutamide resistance is a newly encountered problem, which is mainly induced by AR dysfunction. Therapeutic strategies have been investigated in which enzalutamide is used in combination with other drugs.[@B46] Several compounds were proved to enhance the anti-PCa effect of enzalutamide *in vitro* or *in vivo*, such as the RSK inhibitor SL0101,[@B47] the 5α-reductase inhibitor dutasteride,[@B48] and AZD5363,[@B49] which targets the PI3K/Akt pathway. Our data demonstrated that TPL is a potential drug for CRPC therapy. TPL showed effective anti-CRPC activity in PCa cells expressing either AR-FL or AR-Vs by abrogating the XPB/CDK7-mediated phosphorylation of AR at Ser515, which inhibited the transactivation activity of both AR-FL and AR-Vs. Furthermore, TPL showed a synergistic anti-PCa effect with enzalutamide *in vitro*. TPL also enhanced the anti-PCa effect of enzalutamide *in vivo*. These data demonstrated that the combined TPL/enzalutamide treatment strategy has potential for CRPC therapy.

TPL has been proved to be a promising anti-cancer drug, based on its potent and broad spectrum anti-cancer effects *in vitro* and *in vivo*. However, several barriers prevent the clinical application of TPL. Firstly, TPL is water-insoluble, which limits its clinical use. Several water-soluble derivatives of TPL have been developed, such as PG490-88 [@B50] and Minnelide [@B51], which can convert to TPL *in vivo* and retain most of the bioactivity of TPL. PG490-88 and Minnelide showed potent anti-cancer effects and were approved for entry into Phase I clinical trials for prostate cancer [@B52] and pancreatic cancer,[@B51] respectively. Secondly, TPL is highly cytotoxic. In traditional Chinese medicine, the \"Thunder God Vine\", from which TPL is extracted, is thought to be very toxic and has been used as a pesticide although it is mainly used to treat autoimmune and inflammatory diseases. Furthermore, the anti-cancer effect of TPL is attributed to its cytotoxicity. We found that TPL is cytotoxic to both cancer cells and normal cells *in vitro*, although the cytotoxic effect of TPL on normal cells is less than on cancer cells.[@B53] The toxicity of TPL is dose-dependent. The distinction between the safe dose and the toxic dose of TPL is very marginal,[@B54] which leads to a narrow therapeutic window. Therefore, development of TPL derivatives with moderate toxicity is an effective solution. The cytotoxicity of the novel TPL derivative LLDT-8, which was developed to treat rheumatoid arthritis, is 122-fold lower than TPL in cells,[@B55] yet it still has effective anti-cancer activity. In this study, we found that TPL, even at a concentration as low as 6.25 nM, shows effective anti-CRPC activity and has a synergistic effect with enzalutamide. The low dose of TPL did not cause any obvious adverse effects in the xenograft mouse model. Using a low dose of TPL in clinical applications is therefore another approach to reducing its toxicity. Thirdly, TPL has severe side-effects in animal models and patients, including gastrointestinal disturbances, kidney dysfunction, leucopenia, aplastic anemia and infertility, which limits its clinical application.[@B23] The adverse reactions of TPL are mainly due to its diverse biological activities. Besides anti-cancer activity, TPL also has anti-inflammatory, immunosuppressive, anti-fertility and anti-cystogenic properties. The relationship between the anti-cancer activity and immunosuppressive activity of TPL is very interesting and needs to be elucidated. Recently, glutriptolide, a new glucose-conjugated TPL derivative which selectively targets cancer cells overexpressing the glucose transporter, was developed. It has greater water solubility than TPL and higher cytotoxicity towards cancer cells than normal cells.[@B56] Glutriptolide provides a novel example of TPL modification and application. Fourth, the molecular mechanism underlying the anti-cancer effect of TPL is still unclear. Several TPL-binding proteins have been identified, including XPB, polycystin-2 (PC-2), disintegrin and metalloprotease 10 (ADAM10), dCTP pyrophosphatase 1 (DCTPP1) and TAB1.[@B28],[@B57]-[@B60] Of these, XPB is thought to be the primary target of TPL and this is consistent with the phenotype of TPL-induced transcription inhibition. However, some genes are up-regulated with TPL treatment.[@B61] Overexpression of XPB does not totally neutralize the anti-cancer effect of TPL.[@B24] TPL-induced Rpb1 degradation was proved to be more important than XPB for the anti-cancer activity of TPL.[@B45] Glutriptolide has no inhibition effect on the activity of XPB *in vitro*.[@B56] We have found several new potential TPL-binding proteins using protein chips (data not shown). The anticancer mechanism of TPL should therefore be extensively explored, as this may be helpful for uncovering the anti-cancer mechanism of TPL and for developing potent new TPL derivatives or clinical applications with high therapeutic effect and low side-effects. In summary, although many difficult problems must be solved before TPL can be used for clinical applications, TPL shows potent anti-cancer effects and is a promising anti-cancer drug.

Conclusion
==========

In summary, our study shows that TPL significantly inhibits the transactivation activity of AR-FL and AR-Vs by disrupting the phosphorylation of AR at Ser515 through XPB/CDK7. Moreover, TPL shows effective anti-PCa activities even at a low dose. TPL also synergizes with enzalutamide in attenuating PCa cell survival *in vitro*, and enhances the anti-PCa effect of enzalutamide on CRPC xenografts growth *in vivo*. These results provide a strong rationale for further evaluation of this combination in the clinic.
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![TPL inhibits the transactivation activity of AR. (**A**) TPL inhibits ligand-dependent transactivation activity of AR. LNCaP cells were transfected with a PSA-luciferase reporter and treated with TPL and R1881 under serum-free conditions for 24 h. (**B**) and (**C**) Transactivation assays of the AR-NTD were performed in LNCaP cells cotransfected with p5x3 Gal4UAS-TATA-luciferase and AR-NTD-Gal4 DBD. Enzalutamide (Enza) or TPL was added 1 h before incubation with FSK or IL-6 for 24 h. (**D**), (**E**) and (**F**) Western blots showing the levels of AR and AR-NTD in cell extracts from (A), (B) and (C), respectively. (**G**) and (**H**) TPL inhibits expression of endogenous target genes of AR and AR-Vs. (**G**) LNCaP cells were pretreated with TPL then incubated for 24 h with R1881. (**H**) 22Rv1 cells were treated with TPL for 24 h. mRNA levels of AR and AR-V target genes were measured by qRT-PCR and normalized to β-actin mRNA. Bars represent the mean ± SD. (**I**) and (**J**) TPL reduces the protein levels of PSA in LNCaP (**I**) and 22Rv1 (**J**) cells. The results are represented as means ±SD of 3 experiments. \*, p \< 0.05; \*\*, p \< 0.01; \*\*\*, p \< 0.001.](thnov07p1914g001){#F1}

![TPL reduces the recruitment of AR to the PSA promoter by inhibiting phosphorylation of AR at S515. (**A**) Effect of TPL on the levels of pAR S515 and related proteins in PCa cells. LNCaP and C4-2/AR-V7 cells were pretreated with TPL or BS-181 for 1 h, and then incubated with R1881 for 4 h. Cell lysates were subjected to western blotting analysis with the indicated antibodies and the protein levels of AR and pAR S515 were quantified (**B**). (**C**) Effect of the phosphorylation status of AR on TPL activity. 293T cells were transiently co-transfected with pGL3.PSA-Luc and pcDNA3.1-AR/WT, or -AR/S515E, and then pretreated with TPL for 1 h prior to incubation with R1881 for 24 h. Luciferase activity was then measured. (**D**) and (**E**) Effect of TPL on the binding of AR or AR-V7 to the promoter of PSA. LNCaP (D) and C4-2/AR-V7 (E) cells were pretreated with TPL prior to the addition of R1881 for 6 h. ChIP assays were performed with rabbit or mouse IgG, anti-AR antibody, anti-CDK7 antibody, anti-XPB antibody, anti-Flag antibody or anti-RNA pol II S5 antibody. The results are represented as means ±SD of 3 experiments. \*, p \< 0.05; \*\*, p \< 0.01; \*\*\*, p \< 0.001.](thnov07p1914g002){#F2}

![Knockdown of XPB mimics the effect of TPL on AR activity in PCa cells. (**A**) Western blotting analysis of AR phosphorylation and several related proteins in C4-2 cells with XPB depletion. C4-2 cells were infected with lentivirus carrying control shRNA or XPB shRNA. The transduced cells were lysed and subjected to western blotting analysis with the indicated antibodies. (**B**) Effect of XPB depletion on the AR transactivation activity. 293T or C4-2 cells with stable knockdown of XPB were transiently co-transfected with pGL3.PSA-Luc and pcDNA3.1-AR/WT or -AR/S515E plasmids for 24 h. Luciferase activity was then measured. (**C**) Effect of XPB depletion on the DNA-binding activity of AR and RNA pol II. C4-2 cells with stable knockdown of XPB were lysed and subjected to ChIP assays with control IgG, anti-AR antibody and anti-RNA pol II S5 antibody. The results are represented as means ±SD of 3 experiments. \*, p \< 0.05; \*\*, p \< 0.01; \*\*\*, p \< 0.001.](thnov07p1914g003){#F3}

![Low doses of TPL block the proliferation of CRPC cells *in vitro*. (**A**) LNCaP cells were treated with 6.25 nM TPL for 1 h before the addition of R1881 (1 nM) for 3 days. Cell viability was measured by MTT. (**B**) Number of colonies formed by CRPC cells (22Rv1 and C4-2) following incubation with different concentrations of TPL. (**C**) C4-2/Luci and C4-2/AR-V7 cells were treated with different concentrations of TPL for 4 days. Cell viability was measured by MTT. (**D**) Number of colonies formed by C4-2/Luci and C4-2/AR-V7 cells after treatment with TPL. (**E**) C4-2/Luci and C4-2/AR-V7 cells were cultured in 8% CSS 1640 medium for 24 h, followed by treatment with 6.25 nM TPL or 20 μM enzalutamide for 72 h. PSA was then detected by ELISA. The results are represented as means ±SD of 3 experiments. \*, p \< 0.05; \*\*, p \< 0.01; \*\*\*, p \< 0.001.](thnov07p1914g004){#F4}

![TPL shows a synergistic anti-cancer effect with enzalutamide on PCa cells *in vitro*. (A) C4-2R cells were cultured in medium containing 8% FBS and treated with different concentrations of TPL for 72 h. MTT assays were then carried out. (**B**) 22Rv1 or (**C**) C4-2R cells were treated with 6.25 nM TPL with or without 20 μM enzalutamide. MTT assays were carried out after 96 h. (**D**) Number of colonies formed by 22Rv1 or C4-2R cells treated with individual or combined TPL and enzalutamide. (**E**) Western blotting was performed to detect apoptotic marker proteins in 22Rv1 or C4-2R cells treated with individual or combined TPL and enzalutamide. (**F**) 22Rv1 and C4-2R cells were treated with individual or combined TPL and enzalutamide at various concentrations for 48 h and then subjected to SRB assay. The Combination Index of TPL and enzalutamide in the two cell lines was calculated by the Chou-Talalay method. Open triangles indicate high combination concentrations of TPL and enzalutamide (≥60 nM for TPL and ≥200 μM for enzalutamide); black dots indicate low combination concentrations of TPL and enzalutamide (\<60 nM for TPL and \<200 μM for enzalutamide). The results are represented as means ±SD of 3 experiments. \*, p \< 0.05; \*\*, p \< 0.01; \*\*\*, p \< 0.001.](thnov07p1914g005){#F5}

![TPL enhances the anti-cancer effects of enzalutamide *in vivo*. Mice bearing 22Rv1 xenografts were treated with vehicle control, enzalutamide, TPL, or enzalutamide + TPL for 3 weeks. (**A**) Tumor volumes in the different groups (volumes were measured twice every week). (**B**) Photographs of xenograft tumors harvested at day 21. (**C**) Weight of the xenograft tumors in the different groups. (**D**) Serum PSA level of the different groups. (**E**) Hematoxylin and eosin (H&E) staining and IHC staining of Ki67, cleaved-Caspase-3 (c-Caspase-3) and AR of representative sections of xenograft tumors. (**F**) and (**G**) Quantification of c-Caspase-3 staining (apoptotic index) and Ki-67 staining (proliferative index) in tumor sections. The results are represented as means ±SD. Scale bars represent 125 μm in all micrographs. \*, p \< 0.05; \*\*, p \< 0.01; \*\*\*, p \< 0.001.](thnov07p1914g006){#F6}
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